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Evidence for shallow acceptors in GaN
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Two low-temperature photoluminescence lines in GaN, in the region of energies commonly
interpreted as longitudinal optical-phonon replicas of free excitons, donor-bound excitons, or
acceptor-bound excitons, are reinterpreted as acceptor-bound excitons~A0X’ ! collapsing ton52
andn53 excited states, respectively, of the acceptors involved. Application of this model to two
sets ofA0X-related lines in hydride-vapor-phase-grown GaN gives acceptor energies of 8561, and
11561 meV, respectively. The existence of such shallow acceptor states, if confirmed, is of great
technological importance. ©2001 American Institute of Physics.@DOI: 10.1063/1.1364646#
I. INTRODUCTION
A wealth of photoluminescence~PL! lines is observed at
low temperatures in the near-band-edge region of high-
quality, n-type GaN.1–7 The dominant spectral features are
typically donor-bound exciton (D0X) lines, having energies
in the range 3.470–3.480 eV, depending on strain. Also
prevalent are acceptor-bound exciton (A0X) lines, appearing
in the region 3.454–3.466 eV. Further features are often
found at lower energies: 3.40–3.43, 3.38–3.39, 3.35–3.37,
and 3.29–3.30 eV, Nearly all workers agree on the interpre-
tations of theD0X andA0X lines; however, the lower-energy
lines are open to some dispute. For example, features in the
3.42 eV range are sometimes attributed to excitons bound to
stacking faults, free hole to oxygen–donor transitions, or
donor–acceptor pairs, with the acceptor having a much lower
energy~,100 meV! than that, say of MgGa~.200 meV). The
other lines mentioned above are often assigned to longitudi-
nal optical~LO! phonon replicas ofA0X features.
The idea of a ‘‘shallow’’ acceptor, as mentioned in con-
nection with the 3.40-3.43 eV lines, is highly attractive, be-
cause the control of such an entity would result in much
superiorp-type GaN. In fact, several workers have discussed
just such a possibility. For example, Orton and Foxon8 cal-
culated a hole effective mass ofmh50.8m0 from the equa-
tion mh5me(ED /EX21), where me50.22m0 , ED
533 meV ~the hydrogenic donor energy! and EX526 meV
~the exciton binding energy!, and then calculatedEA
5(mh /me)ED5120 meV. Also, Po¨dör
9 used Phillips’ elec-
tronegativity theory to argue thatEA should be about 85
meV in GaN. Both of these analyses are of course simplistic,
but some more detailed theoretical calculations support the
idea of a shallow~100–130 meV! acceptor10 while other
calculations indicate that acceptors shallower than 200 meV
are unlikely.11 Experimentally, the most widely used accep-
tor, MgGa, has a Hall-effect activation energy of about 160
meV, and a PL signature at about 210 meV.12 Most other
impurity acceptors which have been investigated are even
deeper.
In this article, we offer evidence that there indeed may
well be the signature of a shallow acceptor in GaN. Our
evidence comes from a different interpretation of the lines
falling in the regions 3.38–3.39 eV and 3.35–3.37 eV, re-
spectively. We show that these lines are likely due to the
involvement ofexcitedstates~n52 andn53, respectively!
in certain acceptors, following the collapse of excitons bound
to them. Such excited-state acceptor transitions, known as
‘‘two-hole’’ transitions, have been observed in the past, e.g.,
in InP13 and in GaAs.13,14
II. EXPERIMENTAL DETAILS
In this investigation, two different GaN samples were
studied. Both samples were grown on sapphire substrates by
hydride vapor-phase epitaxy~HVPE!. In sample #1, the GaN
layer was grown to a thickness of 133mm and was then
removed from the substrate by laser-induced liftoff. Sample
No. 2 was grown to a thickness of 93mm but was not re-
moved from the substrate. In both samples thec axis of the
crystal is normal to the growth surface, with the Ga face on
top. The PL was excited at 2 K with the 3250 Å line of a
HeCd laser. The spectra were analyzed by a high resolution 4
m grating spectrometer equipped with an Radio Corporation
of America C31034A photomultiplier tube for detection.
Electrical measurements were performed on the sepa-
rated piece~No. 1! after removal of the highly conductive
interface layer which always exists in HVPE GaN grown on
sapphire.15 This layer strongly affects the measured electrical
properties but does not affect the PL, which is excited near
the top of the sample. Although the effects of the layer on
electrical properties can be removed by analysis,15 t is better
to physically remove the layer, and this is possible in a sepa-
rated wafer. After removal, the 300 K mobility and carrier
concentration were about 950 cm2/V s and 4.231016cm3,
respectively, and the donor and acceptor concentrations were
a!Authors to whom correspondence should be addressed to Semiconductor
Research Center, Wright State University, Dayton, Ohio 45435
JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001
62720021-8979/2001/89(11)/6272/3/$18.00 © 2001 American Institute of Physics
Downloaded 27 Sep 2012 to 130.108.121.217. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
about 731016 and 331016cm23, respectively. These values
of donor and acceptor concentration are some of the lowest
reported so far.
III. EXPERIMENTAL RESULTS
When an exciton bound to a neutral acceptor collapses,
the acceptor is usually left in its ground state. The corre-
sponding PL lines in GaN are those typically occurring in the
region 3.45–3.46 eV. However, the acceptor may also be left
in an excited state,n52,3,4, . . . , sothat the transition will
have to occur at a lower energy,13,14 given by
E~n!5EFE2Eb2DE~n!, ~1!
whereE(n) is the transition energy,EFE is the free exciton
energy,Eb is the energy with which the exciton is bound to
the acceptor, andDE(n) is the energy necessary to put the
hole on the acceptor into an excited staten. In a hydrogenic
model, Eq.~1! can be written as follows:
E~n!5E~1!2EA~121/n
2!, ~2!
where EA is the ground-state acceptor energy. In Fig. 1,
sample No. 1 displays the donor–bound exciton (D0X) tran-
sition at 3.4751 eV as well as two ground-state (n51)
acceptor–bound exciton (A0X) transitions at 3.4589 eV
(A1
0X) and 3.4536 eV (A2
0X), respectively. In Fig. 2, the
excited-stateA0X transitions are seen. We associate the
3.3939 and 3.3842 eV lines with then52 andn53 transi-
tions, respectively, ofA1 , and the 3.3673 and 3.3515 eV
lines with the corresponding transitions ofA2 . All of these
lines are plotted in Fig. 3, and it is seen that excellent fits to
Eq. ~2! can be obtained, with the following fitting param-
eters:EA158561 meV, andEA2511561 meV. The lower
energy transitions in this figure are LO-phonon transitions
accompanying the excited-state transitions described above.
The transitions in Figs. 4 and 5 are associated with the
HVPE layer~No. 2! in which the GaN is not separated from
the sapphire substrate. In Fig. 4, essentially the same ground-
stateA0X transitions are seen as those found in the separated
layer; their energies are 3.4589 and 3.4534 eV, respectively.
FIG. 1. Emission spectra for sample No. 1~free standing layer! showing the
D0X transition and twoA0X ground–state transitions,A1
0X andA2
0X.
FIG. 2. Then52 and n53 excited–state transitions associated with the
A0X ground–state transitions shown in Fig 1.
FIG. 3. Transition energies as a function of quantum numbern.
FIG. 4. Emission spectra from sample No. 2~attached to the Al2O3 sub-
strate! showing theD0X transition and twoA0X transitions.
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In Fig. 5, the n52 and n53 states of the 3.4589 eV
ground–state transition are observed at 3.3941 and 3.3855
eV, respectively. From these data, the activation energy of
this acceptor (A1) is again 85 meV. Then52 and n53
excited states of the 3.4534 eV ground–state transition are
observed at 3.3688 and 3.3529 eV, respectively. From these
excited state transitions the activation energy of acceptorA2
is 113 meV, within error of the value found for sample No.
1.
Clearly, the excited states of bothA1 and A2 follow a
hydrogenic model quite well, but yet the ground–state ener-
gies ofA1 andA2 differ considerably. Applying the simple
relationship, EA513.6mh* /e0
2, with e059.5, gives mh1
50.56m0 , and mh250.76m0 . These values should not be
taken as measured hole effective masses, but simply as the
approximate magnitudes of the masses needed to explain ac-
tivation energies in the 100 meV range. Interestingly, such
low masses would predict hole mobilities much larger than
those normally observed, about 10 cm2/V s. Perhaps the hole
mobilities in GaN are low not because of high effective
masses, but because of the very high doping typically em-
ployed, and the concomitant poor structural properties.
Taking the free-exciton energy in GaN as 3.4814 eV,16
the exciton is bound to acceptorA1 with a binding energy of
22.5 meV. By Haynes rule,17 the exciton is bound to the
acceptor with some fraction of the ground–state energy. In
this case, the Haynes factor is 22.4/8550.26. ForA2 , the
exciton binding energy is 27.8 meV, and thus the Haynes
factor is 27.8/115 0.24. For comparison, considering the
D0X line at 3.4751 eV, the binding energy of the exciton to
the donor is 6.3 meV. Using a hydrogenic donor binding
energy of 33 meV, the Haynes factor for the donor is 0.19.
The identities ofA1 and A2 are unknown at this time.
Secondary-ion mass spectroscopic measurements in similar
GaN layers, grown in the same reactor and under nearly
identical conditions, show both C and Mg at below the 1
31016cm3 level. Indeed, there is evidence that the dominant
acceptor in this material is the Ga vacancy; however, we
have no concentration information onA1 and A2 , so that
they cannot be correlated with the Hall-effect acceptor men-
tioned earlier. In any case, the potential existence of a shal-
low ~,100 meV! acceptor in GaN is intriguing, and should
be further investigated.
IV. CONCLUSIONS
We reinterpret two rather common sets of lines in GaN
to be two-hole~excited-state! transitions of acceptor–bound
excitons. Fits to the data for two different acceptors give
ground–state energies of 8561 and 11561 meV, respec-
tively. The possibility of shallow~,100 meV! acceptors in
GaN is of high technological importance, and further at-
tempts to identify the acceptors observed here should be car-
ried out.
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